Abstract: Live yeasts (Saccharomyces cerevisiae) are more and more widely used as feed additives for ruminants. They are considered as allochtonous microorganisms in the rumen environment, however, distributed daily to dairy cows or beef cattle they can survive in the digestive tract and interact with autochtonous microbial populations. The positive effects of yeast cells have been mainly demonstrated on growth and activity of fibre-degrading bacteria and fungi, on stabilisation of rumen pH and prevention of lactate accumulation, on ruminal microbial colonization and on the set up of fermentative processes during the pre-weaning period. Modes of action of yeast probiotics depend on their viability and stability in the rumen ecosystem. Up to now, the main modes of action identified are the supply of growth factors to rumen microorganisms, oxygen scavenging inducing more favourable conditions for the anaerobic communities, and nutritional competition with autochtonous ruminal species.
Introduction
In polygastric herbivores, the rumen is the main site of degradation and fermentation of the diet components. Several anaerobic microbial communities (bacteria, fungi, protozoa) inhabiting the rumen are responsible for the digestion of the feed. Due to complex hydrolytic and fermentative processes, the rumen microorganisms provide the host animal with energetic and nitrogenous components which are essential to the animal life ( Fig. 1 ). This high fermentative capacity has been the focus of research during the last century in order to help to develop more efficient ruminant production systems, as production level depends on the ability of the microbial ecosystem to convert organic matter into precursors of milk or meat. However, the nature of the feed given to ruminants to support productivity is one of several abiotic factors which can alter the balance of rumen microbial communities and their activities, which leads to both a decrease in performance and an increased risk of health problems. Under these circumstances, live yeasts as probiotics can be a useful tool to stabilise the rumen microflora and to limit these problems.
Description of the rumen microbial ecosystem
In adult animals, the rumen, with a volume of 100-150 L in cattle and some 10-15 L in sheep, takes up a large proportion of the body cavity. The ruminant gut is a rich environment for the development and maintenance of a dense and diverse microbial community. The ruminal physico-chemical conditions are well adapted to the anaerobic microbial life (temperature 39-40
• C, mean pH close to neutrality, very low redox potential characteristic for a strictly anaerobic biotope) (Hobson, 1997) . The rumen contains large numbers of bacteria, archaeons, ciliate protozoa, flagellate protozoa, anaerobic fungi and bacteriophage particules. Recently, molecular ecology techniques, based on ribosomal RNA sequencing, have provided evidence that the rumen ecosystem harbours a greater diversity of microorganisms than previously thought (Zoedental et al., 2004) .
Bacteria
Bacteria are by far the more numerous microorganisms in the rumen, ranging from 10 10 to 10 11 bacteria · g −1 of rumen contents . Most of these 
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bacteria are strictly anaerobic; to date more than 200 species have been isolated. The bacteria can be classified following the substrates they are able to degrade. Therefore, cellulolytic, hemicellulolytic, pectinolytic, amylolytic, proteolytic and other bacteria are found in the rumen (Table 1) . Some species are able to ferment intermediate metabolites, such as formiate, succinate, and lactate. The microflora is dominated (90% of the total bacterial community) by bacterial species belonging to the Gram positive low G+C% and to the Gram negative Cytophaga-Flexibacter-Bacteroides phyla. Amongst the Gram positive non-sporing rods, several genera are generally present in the predominant flora. These include Eubacterium, Propionibacterium, Bifidobacterium, Lachnospira. Several types of spore-forming rods are normal inhabitants of the gut with the genus Clostridium being the most ubiquitous. Anaerobic Gram-positive cocci are also numerically important. Ruminococcus is one of the predominant cellulose-degrading genera in the rumen. Peptostreptococcus and Streptococcus are represented by many species. Gram-negative, non-sporing rods are also essential in the rumen, including Fibrobacter, Ruminobacter, Prevotella, Succinivibrio, Selenomonas, Fusobacterium. Gram-negative anaerobic cocci include the closely related genera Megasphaera and Veillonella. The most frequent facultative anaerobic species are Lactobacillus, Enterococcus and Enterobacter. Approximately 75% of the rumen bacteria are associated with the solid phase. Adhesion of bacteria to feed particles is a very important step in the fibrolytic process. Once adhesion has occurred, bacteria produce a complex of enzymes (polysaccharidases and glucosidases) which allows plant cell wall breakdown (Fonty & Forano, 1998) .
Archaeons
The archaeal component of the ecosystem, which is thought to be represented exclusively by methanogens, is implicated in the removal of hydrogen through the synthesis and emission of methane thus completing the anaerobic fermentation (Wolin et al., 1997) . Cultural methods have revealed that numbers of archaeal methanogens can range between 10 8 and 10 9 cells · g −1 of rumen contents. The most common species of methanogens isolated from the rumen are strains of Methanobrevibacter, Methanomicrobium, Methanobacterium and Methanosarcina (Wolin et al., 1997) . Recent phylogenetic studies based on 16S rDNA sequencing reveal that the diversity is probably more important, as novel groups of Archaea not associated with known methanogens have been identified (Tajima et al., 2001; Whitford et al., 2001 ).
Protozoa
Protozoa are mainly ciliates; their population is less abundant (10 5 to 10 6 · g −1 of rumen contents) than the bacterial population but owing to their great volume they can represent up to 50% of the total microbial biomass in the rumen. Entodiniomorphs (Entodinium, Epidinium, Eudiplodinium, Polyplastron) digest plant particles with their cellulases and hemicellulases, and Holotrichs (Isotricha, Dasytricha) use mainly soluble sugars. Most of the protozoa engulf bacteria and fungi ( Fig. 2) and then play an important role in the regulation of the microbial mass. Low numbers of flagellates (Trichomonas, Chilomastix) have also been described in the rumen, but almost nothing is known about their metabolism (Williams & Coleman, 1997) .
Rumen fungi
Rumen fungi are the sole anaerobic fungi known up to now. They live attached to plant particles (Fig. 3) where they exhibit strong cellulolytic and hemicellulolytic activities (Orpin & Joblin, 1997) . They have got a life cycle where alternate between mobile cells (zoospores) and organisms adherent to plant cell walls (sporocysts and rhizoids). Because of this attachment and of their vegetative cycle, the fungal community is very difficult to quantify. Depending on the diet, they might repre- sent 5-10% of the total microbial biomass. Due to their rhizoidal network the fungi penetrate plant tissues and weaken the cell walls, which favour the accessibility of fibre degrading bacteria to their substrates . Five different genera have been identified up to now: Neocallimastix, Piromyces, Caecomyces, Orpinomyces and Anaeromyces (Orpin & Joblin, 1997) .
Microbial colonization of the rumen in the newborn animal
The digestive tract is sterile at birth, but it is rapidly colonised during the first hours and days of life. The composition of the gut microflora undergoes dramatic changes during post-natal development. The various microbial populations appear in a sequential order during the first weeks of life and the adult rumen "climax community" is generally reached after weaning (Fonty et al., 1987) . The gut colonization is influenced by several environmental factors, such as contact with other animals, diet, among others, and prob- Step-by-step microbial mechanisms of ruminal acidosis. Adapted from NOCEK, (1997) .
ably also by the host genotype. In the newborn ruminant, strictly anaerobic bacteria appear several hours after birth, cellulolytic bacteria and methanogenic archaeons at 2-4 days of age, anaerobic fungi colonize the rumen during the second week, and ciliate protozoa begin to be established only during the third week. The microbial contamination of the newborn's rumen comes mainly from microorganisms present in the mother's saliva and, therefore, there is a need for very close and repeated contacts between the newborn and its mother during several weeks after birth (Stewart et al., 1988) . When the microbial ecosystem is stabilized the young ruminant is ready to digest solid feed. Degradation of feed components involves numerous and complex interrelationships between the different microbial communities. Various types of interactions have been found in the rumen, such as synergism, cooperation, commensalism, antagonism, and predation. These interactions are responsible for a remarkable digestion efficiency, but with some feeding practices the microbial balance may be disturbed and digestive problems, such as rumen acidosis and bloat can occur, which can lead to an alteration of health and performance of the animal.
Optimisation of the beneficial effects of the rumen microbiota: the use of live yeasts as probiotics Probiotic yeasts are currently well accepted and widely used in animal feeding, especially since some of them have been officially authorised as feed additives in Europe (Directive 96/51 EC). The main purpose for using such additives in ruminant diets is to prevent rumen flora disorders and disturbances, especially those associated with the consumption of high energy concentrates to sustain high productivity in intensive milk and meat production systems.
In recent years, due to increased consumers' concern about safety, quality of animal products and environmental issues, the current purpose of using feed additives is not only to increase productivity, but also to contribute to lower the risk of ruminant digestive carriage of human pathogens, and to decrease excretion of polluting outputs like nitrogen-based compounds, and methane.
Different types of yeast products are available on the market, all based on the presence of the species Saccharomyces cerevisiae: (i) active dry yeast (ADY) products contain highly concentrated live yeast cells depleted from their culture medium; and (ii) yeast culture (YC) products contain live yeast cells and the fermentation medium on which they were grown. In this paper both abbreviations will be used as necessary.
Effects on ruminal pH and acidosis
Ruminal acidosis results from consumption of readily fermentable carbohydrates (RFC), causing a marked post-prandial fall in ruminal pH (Nocek, 1997) . In acute cases of this nutritional disorder, lactic acid, as an end product of ruminal microbial fermentation, plays a key role (Owens et al., 1998) . After a first stage of high volatile fatty acids (VFA) concentration at pH > 6, lactate becomes a major fermentative product at a lower pH. As the pH falls, lactate-producing bacterial species Streptococcus bovis outnumbers the lactateutilizing species Megasphaera elsdenii and Selenomonas ruminantium (Nocek, 1997) (Fig. 4) . Protozoa also disappear, and bacterial diversity is largely reduced (Enemark et al., 2002 Hino, 1985). Effects of live yeasts have been extensively studied on lactate-metabolizing bacteria. In vitro, one strain of S. cerevisiae was able to outcompete S. bovis for the utilization of sugars; the reduction in quantity of fermentable sugars available for the bacteria consequently limited the amount of lactate produced (Chaucheyras et al., 1996) . This effect was only observed when the yeast cells were alive. Dead cells had no effect on lactate production. Moreover, stimulation of growth and metabolism of lactate-utilizing bacteria, such as Megasphaera elsdenii or Selenomonas ruminantium was observed in vitro in the presence of different live yeasts (ADY or YC) (Nisbet & Martin, 1991; Rossi et al., 1995; Chaucheyras et al., 1996; Newbold et al., 1998; Rossi et al., 2004) through a supply of different growth factors, such as amino acids, peptides, vitamins, and organic acids, essential for the lactate-fermenting bacteria. The impact of yeast probiotics on ruminal lactate concentration has been confirmed in several in vivo studies. In sheep receiving an ADY, during their adaptation to a high-concentrate diet, ruminal lactate concentration was significantly lower compared to control animals. Consequently, rumen pH was maintained at values compatible with an efficient rumen function, as shown by higher fibrolytic activities in the rumen of the supplemented animals (Michalet-Doreau & Morand, 1997, Michalet-Doreau et al., 1997). In dairy cows, reductions in ruminal lactate concentrations have also been observed with another strain of S. cerevisiae (Williams et al., 1991) .
These results clearly demonstrate the interest to use live yeasts as probiotics to limit lactate accumulation in the rumen (Fig. 5) . However, at earlier stages of rumen acidosis, lactate is only detected at low levels (Goad et al., 1998) and the fermentation pattern is dominated by high total VFA concentrations (>150 mM) with a decrease in acetate and an increase in butyrate proportions inducing great variations of ruminal pH (Brossard et al., 2004a) . Under this situation of subacute acidosis, which can turn rapidly to acute acidosis if the appropriate circumstances deteriorate (Owens et al., 1998) , the impact of yeast probiotics has not been well studied. Only one recent work by Brossard et al. (2004b) reports the effect of one strain of S. cerevisiae (ADY) on rumen fermentations in fistulated sheep fed a high-wheat diet. Results suggested that this strain could be efficient to stabilise ruminal pH by stimulating ciliate Entodiniomorphid protozoa, which are known to engulf starch granules very rapidly (Coleman, 1974) and thus compete effectively with amylolytic bacteria for their substrate (Owens et al., 1998) . In addition, starch is fermented by protozoa at a slower rate than by amylolytic bacteria and the main end-products of fermentation are VFA rather than lactate (Abbou Akkada & Howard, 1960; Bonhomme, 1990) , which explains why these ciliates have a stabilizing effect in the rumen by delaying fermentation. Moreover, Entodiniomorphs are also able to consume lactate and thus may play an essential role in the prevention of lactate accumulation (Newbold et al., 1987; Nagaraja et al., 1992) .
Effects on fibre degradation
Cellulose and hemicelluloses constitute 15-70% of most ruminant diets. These plant cell wall polymers are insoluble, structurally complex and not physically totally accessible, and their degradation is sometimes less than desirable (Nagaraja et al., 1997) . Moreover, they cannot be digested by the host enzymes. The objective of the ruminant nutritionist is to maximize nutrient intake and availability. In certain conditions, probiotic yeasts have demonstrated their effectiveness to influence growth and activities of fibre-degrading microorganisms in the rumen; their effects have mostly been shown in vitro. Germination of zoospores from a rumen fungal strain of Neocallimastix frontalis was stimulated in vitro by two different strains of S. cerevisiae (Chaucheyras, 1995; Chaucheyras et al., 1995a) , which indicated that probiotic yeasts could enhance fungal colonisation of plant cell walls. In the same studies, cellulose filter paper degradation by N. frontalis was also stimulated in the presence of live yeast cells. Several modes of action were identified in this effect, one being the supply of thiamin, a vitamin required by rumen fungi for zoosporogenesis (Chaucheyras et al., 1995a) . The effectiveness of some yeast strains to stimulate growth or/and activities of fibrolytic bacteria has also been demonstrated. In vitro, a yeast culture stimulated growth of Fibrobacter succinogenes S85 and reduced the lag time for growth of Ruminococcus albus 7, Ruminococcus flavefaciens FD1 and Butyrivibrio fibrisolvens D1 (Girard & Dawson, 1994) . Callaway & Martin (1997) showed that the same YC could accelerate the rate, but not the extent, of cellulose filter paper degradation by F. succinogenes S85 and R. flavefaciens FD1. In vivo, using gnotoxenic lambs harbouring only three species of bacteria (F. succinogenes, R. albus, R. flavefaciens) as sole cellulolytic organisms, it has been shown that cellulolytic bacteria became established earlier in lambs which received daily an ADY (Chaucheyras-Durand & Fonty, 2001) . During the experiment the lambs were fitted with a rumen cannula that induced perturbations of the microbial balance, as suggested by the strong decrease observed in cellulolytic bacterial counts in control animals just after surgery. In the presence of yeast, the cellulolytic microflora remained stable at a high level. Moreover, most of the polysaccharidase and glycosidehydrolase activities were increased in the presence of the yeast strain. Other studies have also measured higher polysaccharide-degrading activities of the solid- associated bacterial fraction in fistulated sheep fed with high concentrate diets in the presence of two different ADY Jouany et al., 1999) . In the former study, the proportions of 16S ribosomal RNA of the three main cellulolytic bacterial species (F. succinogenes, R. albus, R. flavefaciens) were increased in the rumen of sheep receiving the yeast, confirming a benefit on growth and/or activities of these bacteria . Such effects could explain the improvement of ruminal fibre degradation observed in some studies with experimental animals (Plata et al., 1994; Chaucheyras-Durand & Fonty, 2001; Schwartz & Ettle, 2002) , but data on significant benefits of yeasts on fibre digestion in producing animals are not available yet.
One of the main factors which could explain the beneficial effect of live yeasts on fibre degrading bacteria is the capacity of yeast cells to scavenge oxygen. Indeed, although the rumen is known to be considered as anaerobic, dissolved oxygen can be detectable in situ (Hillman et al., 1985) and as high as 16 litres of oxygen can enter an ovine rumen daily during feed and water intake, rumination or salivation (Newbold, 1995) . Most of ruminal microorganisms are highly sensitive to oxygen (Loesche, 1969) . Newbold et al. (1996) have found that respiratory-deficient mutants of S. cerevisiae were unable to stimulate bacterial numbers in rumen simulating fermentors, whereas the wild parent strains, able to consume oxygen, did stimulate bacterial activities. Moreover, other studies have reported that redox potential of the rumen fluid was lowered in the presence of live yeasts in lambs (Chaucheyras-Durand & Fonty, 2002) (Fig. 6 ) and in fistulated sheep , suggesting that live yeast cells could create more favourable ecological conditions for growth and activities of the anaerobic autochtonous microflora (Fig. 7) .
Effects on nitrogen metabolism
In the rumen, most of the dietary proteins are rapidly degraded by bacteria and protozoa into peptides, amino acids and ammonia (Wallace et al., 1997) . A part of ammonia is converted into microbial proteins, which represent an essential source of nitrogen for the ruminant, and a part is recycled in the form of urea by the animal; in the meantime, an important proportion of ammonia produced in the rumen is excreted and represents a nitrogen loss of 20 to 25% of the dietary N intake (Leng & Nolan, 1984) , and a potential environmental pollution. Moreover, amino acids and peptides issued from dietary proteins of high nutritional value cannot be directly assimilated in the intestine of the animal. Data reporting the effects of live yeasts as probiotics on nitrogen microbial metabolism in the rumen are scarce and sometimes controversial; the N-related parameter generally taken into account when assessing the impact of yeasts in vivo is ammonia concentration, which is highly variable depending on several abiotic (nature of the diet) and biotic (host related and microbial related) factors. However, in gnotobiotically-reared lambs harbouring a very simplified rumen microflora, ammonia concentration was decreased in the presence of ADY (Chaucheyras-Durand & Fonty, 2001) , this phenomenon being also observed in the rumen of newborn conventional lambs (Chaucheyras-Durand & Fonty, 2002) . In another study with adult ruminants, the same effect on ammonia concentration was observed with daily supplementation by a YC (Kumar et al., 1994) . These data suggested some changes in the nitrogen metabolism of rumen microorganisms in the presence of yeasts. Recent in vitro findings suggested that one yeast strain could influence growth and activities of proteolytic rumen bacteria, by limiting their action on protein and peptides. The mechanisms of yeast action may be explained by a competition between live S. cerevisiae cells and bacteria for energy supply but also by a direct inhibitory effect of yeasts' small peptides on targeted peptidases (Chaucheyras-Durand et al., 2005) . Moreover, a preliminary study including a compilation of 14 dairy cows field trials receiving this yeast strain daily suggested that the dietary level of soluble nitrogen (ammonia and peptides) was a key parameter to drive the production response to the probiotic yeast (Sniffen et al., 2003) , and that with an adequate balance between soluble N and carbohydrate supply, SC could enhance microbial growth and decrease nitrogen loss. These data, which are extracted from predictions using the CPM model, remain to be validated in vivo. However, with other yeast products no positive response was observed in dairy cows on the amount and composition of microbial nitrogen reaching the duodenum (Erasmus et al., 1992; Putnam et al., 1997) . More research is needed to better understand how dietary factors can influence the impact of probiotic yeasts on nitrogen microbial metabolism.
Effects on hydrogen metabolism
In ruminants, hydrogen is produced by several hydrolytic and fermentative microbial species, and is mainly used to reduce carbon dioxide into methane by methanogenic Archaea, which represents the main ruminal hydrogenotrophic microbial community (Miller, 1995) . The process by which H 2 -producing and H 2 -utilising microorganisms are able to interact is called "interspecies hydrogen transfer" (Ianotti et al., 1973) . Hydrogen transfer towards methanogens is beneficial to the degradation of plant cell wall carbohydrates in the rumen (Bauchop & Mountfort, 1981; Ushida & Jouany, 1996; Fonty et al., 1997; Wolin et al., 1997) . However, as a result of this process, methane is eructated by ruminants at 400 to 500 litres per day in adult cattle, and this represents a loss of carbon and energy of 8-12% of the energy available in the diet (Vermorel, 1995; Moss et al., 2000) . The amount of methane produced varies according with the type of diet (forage/concentrate) and the type of production system (intensive/extensive) (Sauvant et al., 1999) . Moreover, from an environmental point of view, methane represents a greenhouse gas whose emissions have to be limited because it would contribute 18-20% of the global warming effect (Moss et al., 2000) . Various strategies have been investigated in order to mitigate ruminant methane production. Regarding probiotic yeasts, very little information dealing with their potential effects on hydrogen transfer mechanisms and methanogenesis in vivo exist up to now. The effects of one strain of S. cerevisiae have been investigated in vitro on two acetogenic bacterial strains isolated from lamb rumen (Chaucheyras et al., 1995b) . Acetogenic bacteria, which produce acetate from CO 2 and H 2 , appear to play an important role in the re-utilisation of fermentative hydrogen in some non-ruminant digestive ecosystems. For example, reductive acetogenesis is the main hydrogenotrophic mechanism in the human colon of non methane-excreting subjects (Bernalier et al., 1996) . In these in vitro studies, interesting beneficial effects of the yeast strain on growth and H 2 -utilisation of acetogenic bacteria were observed even in the presence of methanogens (Chaucheyras et al., 1995b; Chaucheyras-Durand et al., 1997) . However, in an in vivo experiment, methane production, expressed as a percentage of gross energy intake, was not significantly modified in the presence of this yeast strain (McGinn et al., 2004) . Studies with other yeast strains have been somewhat conflicting, reporting either no effect in fistulated sheep (Mathieu et al., 1996) , either an increase in methane production in batch cultures with mixed rumen microflora (Martin et al., 1989) . Future work will be then necessary to investigate further the role of probiotic yeasts as an ecological tool to control methane emissions in the rumen.
Impact of live yeasts on rumen maturity
In current animal production systems, separation of the young ruminants from their mother occurs very soon after birth and transition from milk to solid feed happens before the end of the sequence of microbial colonisation of the rumen, when the ecosystem is not stabilized yet (Fonty et al., 1987) . This practice may lead to many digestive disorders in the young animal and could represent a handicap for its development. In conventional lambs supplemented with live S. cerevisiae cells, the establishment of cellulolytic bacterial population was earlier and more stable than in control lambs (Chaucheyras-Durand & Fonty, 2002) . The ciliate protozoa colonised also more rapidly the rumen in the presence of ADY (Fig. 8) . It has been stated that the establishment of ciliate protozoa cannot occur unless bacterial communities have not previously colonised the rumen . Therefore these results suggest that the maturation of the microbial ecosystem is accelerated in the presence of the yeast. A recent study reports the effectiveness of using this yeast strain in young calves deprived of colostrum on grain intake and on growth performance, especially before weaning, with additional benefits on health status of the animals as number of days with diarrhea was significantly reduced in the ADY group (Galvao et al., 2005) . This work illustrates well what impact of such a probiotic yeast, through its effect on establishment of microbial communities in the rumen, can have on animal performance and health. al. , 1998) . If the distribution is not renewed, yeast concentration declines to undetectable levels after 4-5 days. Differences in effects on ruminal fermentations also depend on the strain of S. cerevisiae (Newbold, 1995) . It is also noteworthy to add that molecules, such as organic acids and vitamins, derived from yeast activity, or yeast components themselves, such as peptides and amino acids, also participate in the effects observed on the rumen microflora.
Conclusion
During the last decade, the mechanisms of action of yeast probiotics on growth and activities of targeted rumen microbial communities have been extensively studied, at least for some strains of S. cerevisiae. Although research has certainly contributed to add some credibility on these probiotics for their use in ruminant nutrition, a lot remains to be done to further explain the effects of live yeasts in digestive processes. Indeed, field studies indicate that although positive effects on milk or meat production can be obtained, the animal response to such feed additives may be quite variable, according to various factors (nature of the diet, level of productivity, animal physiological and genetic factors, dose and strain of yeast used, etc.). It will be of great importance in the near future to better understand the nature of interactions between the yeast probiotic, the autochtonous flora and the dietary components in order to further predict the impact of such a probiotic in ruminant nutrition. This knowledge will also be essential to select more targeted and reliable new generation of probiotics.
